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emitting device 

(57) The present invention discloses a carbon nan- 
otube device comprising a support having a conductive 
surface and one or more carbon nanotubes, one of 
whose terminus binds to the conductive surface so that 
conduction between the surface and the carbon nano- 
tube is maintained, wherein a root of the carbon nano- 



tube where the carbon nanotube binds to the conductive 
surface is surrounded by a wall. Such a carbon nano- 
tube device, having carbon nanotubes with a uniform 
direction of growth, can generate a large quantity of 
emitted electrons when it is used as an electron emis- 
sion device. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a carbon na- 
notube device using a carbon nanotube and a manufac- 
turing method thereof. More particularly, the invention 
relates to a carbon nanotube device applicable to a func- 
tional device such as a quantum-effect device, an elec- 
tronic device, a micro-machine device or a bio-device 
etc. Further, the invention relates to a carbon nanotube 
device applicable to an electron source, an STM (scan- 
ning type tunnel microscope) probe, or an ATM (atomic 
force microscope) probe by the utilization of sharpness 
of the carbon nanotube, and a manufacturing method 
thereof. 

[0002] The invention relates also to an electron emit- 
ting device for a display, a cathode ray tube, an emitter, 
a lamp or an electronic gun. 

Description of the Related Art 

[0003] Fibrous carbon is generally called carbon fiber, 
and for carbon fiber that is used as a structural material 
having a diameter of at least several urn, several man- 
ufacturing methods have been studied. Among those 
studied, a method for manufacturing the carbon fiber 
from a PAN (polyacrylonitrile)-based fiber or a pitch- 
based fiber is considered to be a mainstream method. 
[0004] Schematically, this method comprises making 
a raw material spun from a PAN fiber, an isotropic pitch 
ora meso-phase pitch non-meltable and hardly flamma- 
ble, carbonizing the resultant material at a temperature 
within a range of from 800 to 1 ,400*0, and treating the 
resultant product at a high temperature within a range 
of from 1 ,500 to 3,000°C. The carbon fiber thus obtained 
is excellent in mechanical properties such as strength 
and modulus of elasticity, and for its light weight that can 
be used for a sporting good, an adiabatic material and 
a structural material for space or automotive purposes 
in the form of a composite material. 
[0005] On the other hand, a carbon nanotube has re- 
cently been discovered having a tubular structure 
whose diameter is 1 urn or less. An ideal structure of the 
carbon nanotube is a tube formed with a sheet of carbon 
hexagonal meshes arranged in parallel with its tube ax- 
is. A plurality of such tubes forms a nanotube. The car- 
bon nanotube is expected to have characteristics like 
metals or semiconductors, depending upon both diam- 
eter of the carbon nanotube and the bonding form of the 
carbon hexagonal mesh sheet. Therefore, the carbon 
nanotube is expected to be a functional material in the 
future. 

[0006] Generally, carbon nanotubes are synthesized 
by the application of the arc discharge process, a laser 
evaporation process, a pyrolysis process and the use of 



plasma. 

(Carbon nanotube) 

s [0007] An outline of a recently developed carbon na- 
notube will now be described. 
[0008] A material having a diameter of up to 1 urn, 
smaller than that of carbon fiber, is popularly known as 
a carbon nanotube to discriminate from carbon fiber, al- 
io though there is no definite boundary between them. In 
a narrower sense of the words, a material having the 
carbon hexagonal mesh sheet of carbon substantially 
in parallel with the axis is called a carbon nanotube, and 
one with amorphous carbon surrounding a carbon nan- 
's otube is also included within the category of carbon na- 
notube. 

[0009] The carbon nanotube in the narrower definition 
is further classified into one with a single hexagonal 
mesh tube called a single-walled nanotube (abbreviated 

■0 as "SWNT*), and one comprising a tube of a plurality of 
layers of hexagonal meshes called a multiwalled nano- 
tube (abbreviated as "MWNT"). 
[0010] Which of these types of carbon nanotube 
structures is available is determined to some extent by 

« the method of synthesis and other conditions. It is how- 
ever not as yet possible to produce carbon nanotubes 
of the same structure. 

[0011] These structures of a carbon nanotube are 
briefly illustrated in Figs. 1 A to 4B. Figures 1 A, 2A, 3A 
o and 4A are schematic longitudinal sectional views of a 
carbon nanotube and carbon fiber, and Figures 1 B, 2B, 
3B and 4B are schematic sectional views illustrating 
transverse sections thereof. 

[0012] The carbon fiber has a shape as shown in Figs. 

5 1 A and 1 B in which the diameter is large and a cylindrical 
mesh structure in parallel with its axis has not grown. In 
the gas-phase pyrolysis method using a catalyst, a tu- 
bular mesh structure is observed in parallel with the axis 
near the tube center as shown in Figs. 2A and 2B, with 

? carbon of irregular structures adhering to the surround- 
ing portions in many cases. 

[001 3] Application of the arc discharge process or the 
like gives an MWNT in which a tubular mesh structure 
in parallel with its axis grows at the center as shown in 

> Figs. 3A and 3B, with a slight amount of amorphous car- 
bon adhering to surrounding portions. The arc discharge 
process and the laser deposition process tend to give 
an SWNT in which a tubular mesh structure grows as 
shown in Figs. 4A and 4B. 

' [0014] The following three processes are now popu- 
larly used for the manufacture of the aforementioned 
carbon nanotube: a process similar to the gas-phase 
growth process for carbon fiber, the arc discharge proc- 
ess and the laser evaporation process. Apart from these 
three processes, the plasma synthesizing process and 
the solid-phase reaction process are known. 
[001 5] These three representative processes will now 
be described: 
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(1) Pyrolysis process using catalyst 



[001 6] This process is substantially identical with the 
carbon fiber gas-phase growth process. The process is 
described in C. E. Snyders et al., International Patent 
No. W0S9/07163 (International Publication Number). 
The disclosed process comprises the steps of introduc- 
ing ethylene or propane with hydrogen into a reactor, 
and simultaneously introducing super-fine metal parti- 
cles. Apart from these raw material gases, a saturated 
hydrocarbon such as methane, ethane, propane, bu- 
tane, hexane, or cyclohexane, and an unsaturated hy- 
drocarbon such as ethylene, propylene, benzene or tol- 
uene, acetone, methanol or carbon monoxide, contain- 
ing oxygen, may be used as a raw material. 
[001 7] The ratio of the raw material gas to hydrogen 
should preferably be within a range of from 1 :20 to 20* 
1 . A catalyst of Fe or a mixture of Fe and Mo, Cr, Ce or 
Mn is recommended, and a process of attaching such a 
catalyst onto fused alumina is proposed. 
[001 8] The reactor should preferably be at a temper- 
ature within a range of from 550 to 850°C. The gas flow 
rate should preferably be 100 seem per inch diameter 
for hydrogen and about 200 seem for the raw material 
gas containing carbon. A carbon tube is generated in a 
period of time within a range of from 30 minutes to an 
hour after introduction of fine particles. 
[0019] The resultant carbon tube has a diameter of 
about 3.5 to 75 nm and a length of from 5 to even 1 000 
times as long as the diameter. The carbon mesh struc- 
ture is in parallel with the tube axis, with a slight amount 
of pyrolysis carbon adhering to the outside of the tube 
[0020] H. Dai et al. (Chemical Physico Letters 260 
1996, p. 471-475) report that, although at a low gener- 
ating efficiency, an SWNT is generated by using Mo as 
a catalytic nucleus and carbon monoxide gas as a raw 
material gas, and causing a reaction at 1,200°C. 



[0023] T. W. Ebbesen et al. describe conditions for 
generating carbon nanotubes in a large quantity by the 
arc discharge process in Nature (vol. 358, 1992, p. 
220-222). A carbon rod having a diameter of 9 mm is 
s used as a cathode and a carbon rod having a diameter 
of 6 nm, as an anode. These electrodes are provided 
opposite to each other with a distance of 1 mm in be- 
tween in a chamber. An arc discharge of about 1 8 V and 
100 A is produced in a helium atmosphere at about 500 
w Torr. 

[0024] At 500 Torr or under, the ratio of the carbon 
nanotubes is rather low, and at over 500 Torr, the quan- 
tity of generation decreases as a whole. At 500 Torr 
which is the optimum condition, the ratio of carbon na- 
15 notubes reaches 75%. 

[0025] The collection ratio of carbon nanotubes is re- 
duced by causing a change in supplied power or chang- 
ing the atmosphere to argon one. More nanotubes are 
present near the center of the carbon rod 

20 

(3) Laser evaporation process 



(2) Arc discharge process 

[0021] The arc discharge process was first discov- 
ered by Hjima, and details are described in Nature (vol 
354, 1991, p. 56-58). The arc discharge process is a 
simple process of carrying out DC arc discharge by the 
use of carbon rod electrodes in an argon atmosphere at 
1 00 Torr. A carbon nanotube grows with carbon fine par- 
ticles of 5 to 20 nm on a part of the surface of the neg- 
ative electrode. This carbon tube has a diameter of from 
4 to 30 nm and a length of about 1 nm, and has a layered 
structure in which 2 to 50 tubular carbon meshes are 
laminated. The carbon mesh structure is spirally formed 
in parallel with the axis. 

[0022] The pitch of the spiral differs for each tube and 
for each layer in the tube, and the inter-layer distance 
m the case of a multi-layer tube is 0.34 nm, which sub- 
stantially agrees with the inter-layer distance of graph- 
ite. The leading end of the tube is closed by a carbon 
network. 



[0026] The laser evaporation process was first report- 
ed by T. Guo et al. in Chemical Physics Letters (243 
25 1995, p. 49-54), and further, generation of a rope- 
shaped SWNT by the laser evaporation process is re- 
ported by A. Thess et al. in Science (vol 273 1996 d 
483-487). ' " K " 

[0027] First, a carbon rod formed by dispersing Co or 
30 Ni is placed in a quartz tube, and after filling the quartz 
tube with Ar at 500 Torr, the entire combination is heated 
to about 1 ,200*C. Nd-YAG laser is condensed from the 
upstream end of the quartz tube to heat and evaporate 
the carbon rod. Carbon nanotubes are thus accumulat- 
es ed in the downstream end of the quartz tube. This proc- 
ess is hopeful for selective preparation of SWNTs and 
has a feature that SWNTs tend to gather to form a'rope 
shape. 

[0028] The conventional art will now be described in 
40 terms of application of the carbon nanotube. 

(Application of carbon nanotube) 

[0029] While no applied product of carbon nanotube 
45 is available at present, active research efforts are being 
made for its applications. Typical examples of such ef- 
forts will be briefly described. 



so 



(1) Electron emission source 



[0030] The carbon nanotube, having a shape leading 
end and being electrically conductive, is adopted in 
many research subjects. 

[0031] W. A. De Heer et al. refined a carbon nanotube 
55 obtained by the application of the arc discharge process, 
and placed it upright on a support via a filter to use it as 
an electron source (Science, vol. 270, 1995, p. 1179). 
They report that the electron source comprised a collec- 
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tion of carbon nanotubes, and an emission current of at 
least 100 mA was stably obtained by the impression of 
700 V from an area of 1 cm 2 . 

[0032] A. G. Rinzler et al. evaluated properties by at- 
taching an electrode to a carbon nanotube obtained by 
the arc discharge process, and there was available an 
emission current of about 1 nA from a carbon nanotube 
with a closed end, and of about 0.5 u.A from a carbon 
nanotube with an open end, by the impression of about 
75 V (Science, vol. 269, 1995, p. 1550). 

(2) STM, AFM 

[0033] H. Dai et al. report, in Nature (384, 1996, p. 
147), an application of a carbon nanotube to STM and 
AFM. According to their report, the carbon nanotube 
prepared by the arc discharge process was an SWNT 
having a diameter of about 5 nm at the leading end. Be- 
cause of a thin tip and flexibility, even the bottom of a 
gap of a sample could be observed, and there was avail- 
able an ideal tip free from a tip crash. 

(3) Hydrogen storing material 

[0034] A. C. Dillon et al. report, in Nature (vol. 386, 
1 997, p. 377-379), that the use of an SWNT permits stor- 
age of hydrogen molecules of a quantity several times 
as large as that available with a carbon generated from 
a pitch-based raw material. While their study on appli- 
cation has just begun, it is expected to serve as a hy- 
drogen storing material for a hydrogen car or the like. 
[0035] In the configuration and manufacturing method 
of a carbon nanotube in the conventional art, diameters 
and directions of resultant carbon nanotubes are very 
random, and after growth, an electrode is not connected 
to the carbon nanotube. More specifically, upon appli- 
cation of the carbon nanotube, it is necessary to collect 
after synthesis for purifying, and form it into a particular 
shape in compliance with the shape for application. 
[0036] For example, when it is to be used as an elec- 
tron source, A. G. Rinzler et al. teaches the necessity to 
take out a carbon fiber and to bond an end thereof to an 
electrode, as reported in Science (vol. 269, 1995, p. 
1550-1553). 

[0037] Further, as reported in Science (vol. 270, 1 995, 
p. 1179-1180) and Science (vol. 1, 268, 1995, p. 
845-847), Walt A. de Heer et al. discloses the necessity 
to provide a step of purifying a carbon nanotube pre- 
pared by the arc discharge process, and then placing 
upright the carbon nanotube on a support by the use of 
a ceramic filter. In this case, an electrode is not positively 
bonded to the carbon nanotube. Further, the carbon na- 
notubes in application tend to get entangled with each 
other in a complicated manner, and it is difficult to obtain 
devices fully utilizing characteristics of the individual 
carbon nanotubes. 



SUMMARY OF THE INVENTION 

[0038] The present invention was developed in view 
of the problems as described above, and has an object 
5 to provide a carbon nanotube device, in which a carbon 
nanotube has a strong directivity, giving a large quantity 
of electron emission when it is used, for example, as an 
electron emission device. 

[0039] Another object of the invention is to provide a 
10 manufacturing method of carbon nanotube device in 
which the carbon nanotube binds to a conductive sur- 
face so that conduction is maintained therebetween, 
and the carbon nanotube has a high directivity. 
[0040] Further, the invention has an object to provide 

15 an electron emission device giving a large quantity of 
electron emission and having a high performance. 
[0041] Specifically, there is provided a carbon nano- 
tube device comprising a support having a conductive 
surface and a carbon nanotube, one of whose terminus 

20 binds to said conductive surface at a site so that con- 
duction between said conductive surface and said car- 
bon nanotube is maintained, wherein a root of said car- 
bon nanotube where said carbon nanotube binds to said 
conductive surface is surrounded by a wall. 

25 [0042] Forming the barrier with a layer containing alu- 
mina or silicon is preferable with a view to achieving a 
higher density of the carbon nanotubes binding to the 
conductive surface. The wall containing alumina is avail- 
able, after forming an aluminum thin film on the conduc- 

30 tive surface, for example, by anodically oxidizing alumi- 
num. At this point, the conductive surface should pref- 
erably comprises a layer containing at least one element 
selected from the group consisting of titanium, zirconi- 
um, niobium, tantalum, molybdenum, copper and zinc. 

35 it is not necessary that the conductive surface be previ- 
ously protected even during anodic oxidation of the alu- 
minum thin film. 

[0043] There is also provided, a manufacturing meth- 
od of a carbon nanotube device comprising a support 

40 having a conductive surface and a carbon nanotube, 
one of whose terminus binds to said conductive surface 
at a site so that conduction between said conductive sur- 
face and said carbon nanotube is maintained, wherein 
a root of said carbon nanotube at the site where said 

45 carbon nanotube binds to said conductive surface is sur- 
rounded by a wall, said method comprising the steps of: 

(i) forming a plurality of carbon nanotube binding 
sites isolated from each other by walls on said con- 

50 ductive surface; and 

(ii) forming carbon nanotubes at the sites. 

[0044] Additionally, there is provided an election emit- 
ting device comprising: 

a carbon nanotube device, which itself comprises a 
support having a conductive surface and a carbon 
nanotube, one of whose terminus binds to said con- 
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ductive surface so that conduction between said 
conductive surface and said carbon nanotube is 
maintained, wherein a root of said carbon nanotube 
where said carbon nanotube binds to said conduc- 
tive surface is surrounded by a wall; s 
an electrode located at a position opposite to said 
conductive surface; and 

means for impressing a potential to a space be- 
tween said conductive surface and said electrode. 

10 

[0045] According to the invention as described above, 
it is possible to control growth direction of the carbon 
nanotube by means of the wall. As a result, it is possible 
to provide an electron emitting device having excellent 
electron emitting properties, and a carbon nanotube de- is 
vice suitable for a probe of an STM or an AFM which 
gives a satisfactory image and has a high strength. 
[0046] In the case where the wall comprises a layer 
containing alumina or silicon, it is possible to efficiently 
form a carbon nanotube device having a configuration 20 
in which a plurality of carbon nanotubes bind to the con- 
ductive surface, and binding sites of the individual car- 
bon nanotubes are isolated from each other by the wall. 
The device of the invention, provided with carbon nan- 
otubes whose growth directions are almost the same, 25 
and each of which have a uniform directivity isolated 
from each other at a high density, is suitably applicable 
for an electron emitting device or a probe such as an 
STM or an AFM. 

[0047] When the conductive surface comprises a lay- 30 
er containing at least one material selected from the 
group consisting of titanium, zirconium, niobium, tanta- 
lum, molybdenum, copper and zinc, it is possible to eas- 
ily form a carbon nanotube of the invention. More spe- 
cifically, an alumina thin film having a narrow hole is 35 
formed through anodic oxidation also when forming the 
barrier by anodic oxidation of an aluminum thin film. The 
anodic oxidation carried out so that the bottom of the 
narrow hole serves as the electrode surface never dam- 
ages the conductive surface, and as a result, it is pos- ao 
sible to easily form a carbon nanotube binding conduc- 
tively to the conductive surface. 
[0048] In the various features of the present invention 
as described above, the expression "a terminus of the 
carbon nanotube binds conductively to the conductive 46 
surface of the support" include, in addition to the em- 
bodiment in which the carbon nanotube binds directly to 
the conductive surface, an embodiment in which the car- 
bon nanotube is conductively connected to the conduc- 
tive surface under a tunnel effect via an insulating layer, so 
and an embodiment in which the carbon nanotube binds 
conductively to the conductive surface through an insu- 
lating layer including a path containing an element com- 
posing the conductive surface. 

55 

BRIEF DESCR IPTION OF THE DRAWINGS 

[0049] Figs. 1 A to 4B are schematic views illustrating 



various structures of a carbon nanotube: Figs. 1A and 
1B respectively illustrate schematic longitudinal and 
transverse sectional views of an isotropic carbon fiber; 
Figs. 2A and 2B respectively illustrate schematic longi- 
tudinal and transverse sectional views of a carbon nan- 
otube with amorphous carbon therearound; Figs. 3A 
and 3B respectively illustrate schematic longitudinal and 
transverse sectional views of a multi-walled nanotube; 
and Figs. 4A and 4B respectively illustrate schematic 
longitudinal and transverse sectional views of a single- 
walled nanotube; 

Fig. 5 A to 5D cover schematic conceptual views il- 
lustrating configurations of carbon nanotube devic- 
es: Fig. 5A is an example of a configuration with a 
different support, conductive surface layer and wall; 
Fig. 5B is a configuration in which a support and a 
layer forming a conductive surface form a single 
body; Fig. 5C is a configuration in which a layer 
composing a conductive surface and a wall form a 
single body; and Fig. 5D is a configuration in which 
a support, a layer comprising a conductive surface 
and a wall form a single body; 
Figs. 6A to 6D covers schematic conceptual views 
illustrating configurations of tunnel junction type 
carbon nanotube devices: Fig. 6A is a configuration 
in which a support, a layer composing a conductive 
surface, an insulating layer and a wall are different; 
Fig. 6B is a configuration in which an insulating layer 
is present on the surface of a wall; Fig. 6C is a con- 
figuration in which an insulating layer is present on 
a part of the surface of a layer composing a conduc- 
tive surface; and Fig. 6D is a configuration in which 
a support, a layer composing a conductive surface, 
and a wall form a single body; 
Fig. 7 is a schematic view illustrating a carbon na- 
notube growing apparatus; 
Figs. 8A to 8D are schematic process diagrams il- 
lustrating a manufacturing process of an upright 
type carbon nanotube device using alumina narrow 
holes; 

Figs. 9A to 9C are schematic process diagrams il- 
lustrating a manufacturing process of an upright 
type carbon nanotube device using Si narrow holes; 
Figs. 10A to 10D are schematic process diagrams 
illustrating a manufacturing process of a tip type 
carbon nanotube device; 

Fig. 1 1 A is a schematic plan view of an embodiment 
of the tunnel type carbon nanotube device; and Fig. 
11 B is a sectional view of the tunnel type carbon 
nanotube device shown in Fig. 11 A cut along the 
line A-A; 

Fig. 1 2 is a schematic sectional view of another em- 
bodiment of the carbon nanotube device of the in- 
vention; 

Fig. 13 is a schematic view illustrating a change in 
anodic oxidizing current when forming Al films on 
conductive surfaces comprising various materials 
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and causing anodic oxidation of the Al films; and 
Fig. 14 is a schematic sectional view of a support 
provided with a wall, applicable for forming the car- 
bon nanotube device shown in Fig. 5A. 
Fig. 15 is a schematic sectional view of an electron- 
emitting device which is made by using a carbon 
nanotube device shown in Fig. 8D. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0050] Figs. 5A to 5D and Figs. 6A to 6D are sche- 
matic sectional views of embodiments of the carbon na- 
notube devices of the present invention. In the invention, 
the term "carbon nanotube" means a structure at least 
partially having a cylindrical structure mainly comprising 
carbon, in which, particularly the cylindrical portion has 
a diameter of up to 1 um 

[0051] Referring to Figs. 5A to 5D and 6A to 6D, 20 is 
a support; 21 is a layer comprising a conductive surface 
of the support 20; 24 is a carbon nanotube conductively 
binding to the conductive surface 21 ; 23 is a catalytic 
super-fine particle present between the carbon nano- 
tube and the conductive surface 21 ; and 22 is a wall sur- 
rounding the root 24A of the carbon nanotube 24 to the 
conductive surface 21. 

[0052] The layer comprising the conductive surface 

21 of the support is formed on the support 20. The car- 
bon nanotube 24 binds via the catalytic super-fine par- 
ticle 23 to the surface of the layer composing the con- 
ductive surface 21 . The root 24A of the carbon nanotube 
24 where the carbon nanotube 24 binds to the conduc- 
tive surface 21 at a binding site, is surrounded by the 
wall 22. 

[0053] The support 20 itself has a conductive surface 

21 , and the carbon nanotube 24 binds via the catalytic 
super-fine particle 23 to this conductive surface 21 . The 
root of the carbon nanotube 24 is surrounded by the wall 

22. Fig. 5C is an embodiment in which the wall 22 and 
the conductive surface 21 comprise a semiconductor 
wall 25, and Fig. 5D is an embodiment in which the sup- 
port 20 having the conductive surface 21 and the wall 

22 comprise a semiconductor wall 25. 

[0054] In the aforementioned example, electrical 
junction between the carbon nanotube 24 and the con- 
ductive surface 21 may be in the form of an ohmic junc- 
tion ensuring a sufficient connection, or of a shot-key 
junction. The junction property varies with the composi- 
tion of the catalyst and the layer composing the conduc- 
tive surface 21 and manufacturing conditions thereof. 
[0055] Figs. 6A to 6D illustrate an embodiment in 
which the carbon nanotube 24 conductively binds to the 
conductive surface 21 by tunnel junction, and the root 
is surrounded by the wall 22. 

[0056] Fig. 6A illustrates an embodiment in which an 
insulating layer 35 such as a surface oxide layer is on 
the layer composing the conductive surface 21 of the 
support, the catalytic super-fine particle 23 being pro- 



vided thereon, and the carbon nanotube 24 grows from 
the catalytic super-fine particle 23. Fig. 6B illustrates an 
embodiment in which an insulating layer 35 is formed 
also on the side surface of the wall surrounding the root 
5 24A of the carbon nanotube 24. Fig. 6C illustrates an 
embodiment in which an insulating layer 35 is formed 
on the root portion of the carbon nanotube 24 where the 
surface of the layer composing the conductive surface 

21 is exposed. Fig. 6D covers an embodiment in which 
io the support 20, the conductive surface 21 and the wail 

22 comprise a semiconductor 25 wall, and an insulating 
layer 35 is formed on the surface thereof. All these em- 
bodiments, indicate a tunnel junction, and the optimum 
insulating layer thickness depends upon the driving volt- 

*s age, the composition and structure of the insulating lay- 
er 35. The thickness of the insulating layer 35 should 
preferably be within a range of from a sub-nm to several 
tens of nm, or more specifically, from 1 to 10 nm. The 
composition of the insulating layer 35 may comprise, for 

20 example, silicon oxide, titanium oxide, or alumina. The 
insulating layer 35 may be formed, prior to forming the 
wall 22 on the conductive surface 21, by oxidizing the 
conductive surface 21 , in the case of Fig. 6A. In the case 
of the configurations shown in Figs. 6B and 6C, it may 

2S be formed, after forming the wall 22, by oxidizing the 
wall 22 and the conductive surface 21 or the conductive 
surface 21 alone. 

[0057] Figs. 5A and 5D and 6A and 6D provide only 
a few examples. As another example, a configuration 

30 shown in Fig. 12 is also within the scope of the present 
invention. In Fig. 12, 91 is an insulating layer formed on 
the layer composing a conductive surface 21, and 
serves also as a wall 22 in this embodiment; 53 is a nar- 
row hole formed in the insulating layer 91; and 93 is a 

35 bridge-shaped path connecting the conductive surface 
21 and the bottom of the narrow hole 53. A catalytic su- 
per-fine particle 23 is provided on the bottom of the nar- 
row hole, and a carbon nanotube 24 is caused to grow 
vertically to the support surface along the wall 91 of the 

40 narrow hole 53. The path 93 improves conductivity be- 
tween the catalytic super-fine particle 23 formed on the 
narrow hole 53 bottom and the layer composing the con- 
ductive surface 21. 

[0058] The embodiment shown in Fig. 12 has a con- 
45 figuration in which conduction between the carbon na- 
notube 24 and the conductive surface 21 is ensured via 
the path 93 and the catalytic super-fine particle 23, and 
the root of the carbon nanotube 24 to the conductive 
surface 21 is surrounded by the wall 22 (i.e., the wall of 
so the narrow hole 53), thus representing another embod- 
iment of the carbon nanotube device of the invent ion 
having a configuration different from these shown in 
Figs. 2 and 3. 

[0059] For the support 20 in the aforementioned em- 
55 bodiments, when the layer 21 giving the conductive sur- 
face as illustrated in Figs. 5A, 6A to 6C and 12 is sepa- 
rately provided, there is particular restriction imposed 
on the material, and for example, silicon is applicable 
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unless it is free from the effect of the forming conditions 
of the carbon nanotube 24 or the forming conditions of 
the wall 22 (including the conditions for anodic oxida- 
tion). 

[0060] In the carbon nanotube device having a con- 
figuration shown in Fig. SB, 5C, 5D or 6D, for example, 
a p-type silicon or a n-type silicon semiconductor sup- 
port is suitably applicable. 

[0061] When considering insulation property required 
in the form of a device and heat resistance upon forming 
the carbon nanotube 24, the wall 22 should preferably 
comprise a material mainly consisting of alumina or sil- 
icon. The term "a material mainly consisting of silicon- 
means "containing at least one selected from the group 
consisting of silicon, silicon oxide and silicon carbide 
(SiC)". The wall 22 made of such a material has a func- 
tion of serving to guide the direction of growth of the car- 
bon nanotube 24 by forming it so as to surround the root 
24A of the carbon nanotube 24 to the conductive surface 

21 . The wall 22 surrounding the root 24A of the carbon 
nanotube 24 to the conductive surface 21 can be 
formed, for example, through a general photolithograph- 
ic process or a general patterning process such as elec- 
tronic drawing. When preparing a carbon nanotube de- 
vice having a configuration (see Figs. 8A to 8D) in which 
the conductive surface 21 has carbon nanotubes 24 
densely formed thereon that are surrounded by the walls 

22, and the individual roots 24A are isolated by the wall 
22 layers, silicon or silicon oxide resulting from anodic 
treatment of silicon (Si) or alumina anodic oxidation of 
aluminum (Al) is suitably applicable. 
[0062] The Al anodic oxidation process is a process 
of oxidizing the surface of Al by using Al as an anode 
and Pt or the like as a cathode in an oxalic acid solution 
and impressing a voltage of about 40 V. In this process' 
narrow holes 53 having a diameter of from several nm 
to several tens of nm are obtained on the Al surface 
and the surface is simultaneously oxidized into alumina' 
[0063] A carbon nanotube device of the invention can 
be obtained, for example, by forming an aluminum thin 
film on a conductive surface 21, then anodically oxidiz- 
ing the aluminum thin film, and at this point causing car- 
bon nanotubes 24 to grow from the conductive surface 
21 in narrow holes 53 formed in the Al anodic oxidized 
film (alumina film). The conductive surface 21 should 
preferably comprise a layer containing at least one ele- 
ment selected from the group consisting of titanium (Ti) 
zirconium (Zr), niobium (Nb), tantalum (Ta), molybde- 
num (Mo), copper (Cu) and zinc (Zn), or more prefera- 
bly, layer comprising Nb. That is, when the conductive 
surface 21 is formed from such a material, the narrow 
holes 53 formed in the alumina film never disappear and 
anodic oxidation of Al never peels off the alumina film 
from the conductive surface 24. It is also excellent in 
heat resistance at high temperatures when forming the 
carbon nanotube film to be carried out subsequently. 
When the conductive surface 21 is formed of such a ma- 
terial, it is possible to form a bridge-shaped path 93con- 



tammg the material composing the conductive surface 
21 , connecting the narrow hole 53 bottom and the con- 
ductive surface 21, in the alumina film present between 
the narrow hole 53 and the layer composing the con- 
5 ductive surface 21 , as shown in Fig. 1 2, by continuing 
anodic oxidation even after the completion of oxidation 
of the Al film. Because this path 93 can improve con- 
ductivity between the narrow hole 53 bottom and the 
conductive surface 21 , it is particularly desirable to corn- 
's pose the conductive surface 21 with the aforementioned 
material when applying the carbon nanotube device of 
the invention to an electron emitting device. 
[0064] Anodic treatment of Si is carried out by using 
an Si support as an anode and platinum as a cathode 
is in a fluoric acid solution and feeding a current of several 
tens of mA/cm*. This method makes it possible to form 
a plurality of narrow holes 53 isolated from each other 
by silicon or silicon oxide on the Si support surface as 
shown in Figs. 9A to 9C, for example. It is therefore pos- 
a> sible to obtain a carbon nanotube device of the invention 
by preparing a conductive silicon support (p-type Si or 
the like) as a support 20, anodizing the surface of the 
conductive silicon support 20 to form narrow holes 53 
isolated by silicon or silicon oxide, and causing carbon 
** nanotubes 24 to grow from the bottom of the narrow 
holes 53. 

[0065] When forming a carbon nanotube 24 in the nar- 
row hole 53 resultant from Al anodic oxidation or anodi- 
zation of Si as described above, it is recommendable to 
30 form a catalytic super-fine particle 23 on the narrow hole 
53 bottom, i.e., on the conductive surface 21, and to 
cause the carbon nanotube 24 to grow from the surface 
of this catalytic super-fine particle 23. Applicable cata- 
lyst materials include, for example, iron (Fe) cobalt (co) 
3s and nickel (Ni). ' 

[0066] The catalytic super-fine particle 23 should pref- 
erably have a particle diameter within a range of from 1 
to 1 0 nm, or more preferably, from 2 to 50 nm. A catalyst 
of such a material having such a size can efficiently 
40 cause a carbon nanotube 24 to grow and achieve a size 
excellent in electron emitting efficiency. 
[0067] For depositing such a catalytic super-fine par- 
ticle 23 into the narrow hole 53, for example, the AC 
electro-deposition process is effectively applicable. 
™ [0068] When preparing a Co super-fine particle, for 
example, it suffices to impress an AC (50 Hz) voltage of 
about 15 V to a space between the conductive surface 
21 and the opposed electrode in an aqueous solution of 
COS0 4 .7H 2 0 = 5% and H 3 B0 3 = 2%. This method per- 
mits introduction of the catalytic super-fine particle 23 
even into the slightest narrow hole 53 formed by, for ex- 
ample, the Al anodic oxidation. 
[0069] Another method for introducing the catalytic 
super-fine particle 23 into the narrow hole 53 comprises 
55 vapor-depositing Fe, Co or Ni onto the conductive sur- 
face 21 having a narrow hole 53 and a wall 22, and ther- 
mally aggregating this vapor-deposited film. 
[0070] An effective method for causing a carbon na- 
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notube 24 to grow on the conductive surface 21 sur- 
rounded by the thus formed carrier, or on the conductive 
surface 21 surrounded by the wall 22 and provided with 
the catalyst comprises, for example, thermally treating 
the support 20 in a gas atmosphere containing not only 
the raw material gas, but also added with a diluent gas 
or a growth accelerator gas. Many gases containing car- 
bon are applicable as a raw material gas. 
[0071] Examples of the raw material gas include gas- 
es comprising only carbon and hydrogen, such as meth- 
ane, ethane, propane, butane, pentane, hexane, ethyl- 
ene, acetylene, benzene, toluene and cyclohexane, and 
gases comprising carbon, hydrogen and other ele- 
ments, such as benzonitrile, acetone, ethyl alcohol, me- 
thyl alcohol and carbon monoxide. 
[0072] Preferable raw materials from among these 
applicable ones, somewhat varying with the kind of the 
support 20, the composition of the growth nucleus, 
growing temperature and pressure, are ones compris- 
ing carbon, hydrogen and oxygen, which make it difficult 
for impurities to come in. 

[0073] In view of the low temperature growth of the 
carbon nanotube 24, ethylene, acetylene and carbon 
monoxide are preferable. Hydrogen is preferable as a 
growing or growth accelerating gas. However, because 
effectiveness of hydrogen depends upon the raw mate- 
rial gas, the reaction temperature, and the composition 
of the growth nucleus, hydrogen is not an essential re- 
quirement. 

[0074] A diluent gas is effective when growth rate is 
too high, or when alleviating toxicity or explosivity of the 
raw material gas, and applicable diluent gases include 
inert gases such as argon and helium and nitrogen. 
[0075] The manufacturing method of an embodiment 
of the carbon nanotube device of the invention shown 
in Figs. 8A to 8D will now be described in detail. 
[0076] First, as shown in Fig. 8A, a film mainly com- 
prising Ti, Zr, Nb, Ta, Mo, Cu or Zn is formed on an Si 
wafer support, and then an Al film is formed without ex- 
posure to the air. This film forming method is typically 
represented by the sputtering process based on a sput- 
tering apparatus having multiple targets. 
[0077] Then, the support 20 is immersed in a 0.3 M 
oxalic acid solution for anodic oxidation of Al, and a volt- 
age of 40V is impressed with the support 20 as an anode 
and a Pt as a cathode while keeping a temperature of 
17°C. As a result, as shown in Fig. 13, the Al surface is 
first oxidized, leading to a decrease in current value 
which however increases along with formation of narrow 
holes 53 resulting from oxidation of the A1 film, and 
shows a constant value. Upon the completion of oxida- 
tion of the Al film thereafter, the current value caries with 
the material composing the conductive surface 21 . For 
example, the layer composing the conductive surface 
21 comprises Ti, Zr, Nb, Ta or Mo, the anodic oxidizing 
current exhibit a decrease as shown in curve (a) on Fig. 
13. When the layer composing the conductive surface 
21 is formed with Cu or Zn, on the other hand, the anodic 



oxidizing current shows once an increase and then a 
decrease as shown in curve (b) on Fig. 1 3. It is possible 
to manufacture a structure for a carbon nanotube device 
shown in any of Figs. 5A to 5D, 6A to 6D, Figs. 12 and 
5 1 4 through selection of a material for the conductive sur- 
face 21 and control of timing for stoppage of anodic ox- 
idation. 

[0078] When forming the conductive surface 21 with 
Ti, Zr, Nb, Ta or Mo, and anodic oxidation of the Al film 
io formed on the conductive surface 21 is discontinued im- 
mediately prior to a decrease in the anodic oxidizing cur- 
rent curve, for example, the Al layer formed on the con- 
ductive surface totally oxidized in the thickness direction 
into alumina as shown in Fig. 8B. The narrow hole 53 
has not as yet reached the conductive surface 21, and 
there is available a structure in which alumina is present 
with a thickness of from about 1 to 10 nm between the 
bottom of the narrow hole 53 and the conductive surface 
21 . This structure is applicable as a structure for a car- 
bon nanotube device in which the wall 22 and the insu- 
lating layer 35 are made of the same material in the car- 
bon nanotube device, shown in Fig. 6B, in which the 
conductivity between the carbon nanotube 24 and the 
conductive surface 21 tunnel effect. 
[0079] When composing the conductive surface with 
Ti, Zr, Nb, Ta or Mo, and anodic oxidation of the Al film 
formed on the conductive surface 21 is discontinued af- 
ter start of a decrease in the anodic oxidizing current 
curve, it is possible to form a path 93 between the con- 
ductive surface 21 and the bottom of the narrow hole 53 
as shown in Fig. 12. This path 93 is known, as a result 
of a material analysis, to contain the material composing 
the conductive surface 21 , i. e., Ti, Zr, Nb, Ta or Mo and 
oxygen, and formation of this path permits considerable 
improvement of conductivity between the conductive 
surface 21 and the narrow hole 53. This further leads to 
improvement of depositing efficiency of a catalytic su- 
per-fine particle 23 to the narrow hole 53, and remark- 
able improvement of conductivity between the conduc- 
tive surface 21 and a carbon nanotube 24 upon forma- 
tion of the carbon nanotube 24 in the narrow hole 53. 
Although the reason of formation of the path is not clear, 
alumina solution into the electrolyte occurs on the bot- 
tom of the narrow hole 53 in the process of formation of 
the narrow hole 53 through anodic oxidation of the Al 
film, and a phenomenon is observed in which Al ions 
are drawn through the Al portion anodically oxidized by 
the electric field into the electrolyte along with oxidation 
of Al at the interface of anodic oxidation (interface be- 
tween alumina and Al). It is considerable, from this ob- 
servation, that, when continuing anodic oxidation even 
after the completion of anodic oxidation of the Al film, 
anodic oxidation reaches the conductive surface 21, 
and serves to draw out the material composing the con- 
ductive surface 21 (for example, Ti, Zr, Nb, Ta or Mo) 
through the alumina layer on the bottom of the narrow 
hole 53 into the electrolyte. Because the oxide of Ti, Zr, 
Nb, Ta or Mo is chemically stable and is not easily dis- 
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solved into the electrolyte, it is considered that alumina 
remains in the form of the path 93 on the bottom of the 
narrow hole 53. 

[0080] When annealing the structure having the path 
93 formed therein in a hydrogen gas, inert gas, or hy- 5 
drogen and inert gas atmosphere, conductivity between 
the conductive surface 21 of the structure and the nar- 
row hole 53 can further be improved. The reason of im- 
provement of conductivity between the conductive sur- 
face 21 of the structure and the narrow hole 53 by an- w 
nealing in not as yet clear, but is considered attributable 
to the reduction of the path 93. 
[0081] The further improvement of conductivity be- 
tween the conductive surface 21 of the structure and the 
narrow hole 53 in turn improves deposition efficiency of is 
the catalytic super-fine particle 23 onto the bottom of the 
narrow hole 53, and further improves conductivity be- 
tween the conductive surface 21 and a carbon nanotube 
24 after forming the carbon nanotube 24 in the narrow 
hole 53. This is therefore a process which is preferable 20 
particularly when applying the carbon nanotube device 
of the invention to an electron emitting device. Anneal- 
ing should preferably be carried out at a temperature 
within a range of from 200 to 1,100°C for a period of 
time within a range of from 5 to 60 minutes. 25 
[0082] When the conductive surface 21 comprises Cu 
or Zn, and anodic oxidation is discontinued after start of 
decrease in anodic oxidizing current, a structure having 
a narrow hole 53 reaching the conductive surface 21 is 
available as shown in Fig. 11. This structure is applica- 30 
ble as a structure for a carbon nanotube device in which 
the carbon nanotube 24 binds directly to the exposed 
conductive surface 21 as shown in Fig. 5A. 
[0083] In the aforementioned structures in the above 
embodiments, the diameter of the narrow hole 53 can 35 
be enlarged by immersing the structure into a phosphor- 
ic acid solution of about 5 wt.%. 
[0084] A carbon nanotube device as shown in Figs. 
5A to 5D, 6A to 6D or 12 is available by depositing the 
catalytic super-fine particle 23 into the narrow hole 53 40 
by the use of the aforementioned method, and causing 
a carbon nanotube 24 to grow from the surface of the 
deposited catalytic super-fine particle 23. 
[0085] Growth of a carbon nanotube 24 can be ac- 
complished by the use of, for example, a reactor as 4S 
shown in Fig. 7. This will now be described with refer- 
ence to Fig. 7. 

[0086] In Fig. 7, 41 is a reactor; 42 is a support; 43 is 
an infrared-ray absorbing plate, serving also as a sup- 
port holder; 44 is a tube for introducing a raw material so 
gas such as ethylene, and should preferably be ar- 
ranged so as to achieve a uniform raw material gas con- 
centration near the support 42; 45 is a tube for introduc- 
ing a reaction accelerating gas such as hydrogen or a 
diluent gas such as helium; and the raw material gas 55 
tube 44 is arranged near an infrared-ray transmitting 
window 49 so as to serve to prevent the window 49 from 
being dim with decomposition of the raw material gas. 



[0087] Also in Fig. 7, is a gas exhaust line 46 which is 
connected to a turbo molecular pump or a rotary pump 
(not shown); 47 is an infrared lump for heating the sup- 
port; and 48 is a condensing mirror for collecting effi- 
ciently infrared rays for absorption. Although not shown, 
a vacuum gauge for monitoring pressure within the con- 
tainer; a thermocouple for measuring temperature of the 
support 42 and the like are provided. 
[0088] The apparatus is not of course limited to those 
described here. An electric furnace type apparatus heat- 
ing the entire assembly from outside may well be em- 
ployed. In actual growth of a carbon nanotube 24, steps 
comprise, for example, introducing ethylene as a raw 
material gas in an amount of 10 seem from the raw ma- 
terial gas tube 44 into the apparatus, introducing 10 se- 
em hydrogen as the growth accelerating/diluent gas 
from the reaction accelerating gas tube 45; applying a 
pressure of 1000 Pa in the reactor, heating the support 
42 by an infrared-ray lamp to 700°C and causing a re- 
action for 60 minutes. 

[0089] The diameter of the thus synthesized carbon 
nanotube 24, depending upon the diameter of the cata- 
lytic super-fine particle 23 and other reaction conditions, 
is within a range of from several nm to a submicron size 
and the length is within a range of from several tens of 
nm to several tens of um Since a terminus of the carbon 
nanotube 24 already binds conductively to the conduc- 
tive surface, the carbon nanotube device of the inven- 
tion is favorable particularly in such applications as elec- 
tric field electron emission, a probe such as STM, a 
quantum device, a vibrator for a micromachine, and var- 
ious electrodes. 

[0090] Because carbon is chemically stable and has 
a high strength, the invention is applicable also for the 
purposes of improving the support 42 surface. 
[0091] As shown in Figure 15, by locating a counter 
electrode 1501 at a position opposite to the conductive 
surface 21 of the carbon nanotube device of the present 
invention, for example, shown in Figure 8D, an electron- 
emitting device can be obtained. The electron-emitting 
device in Figure 15 is constructed in such a manner that 
a potential can be impressed between the electrode 
1501 and the conductive surface 21 . 
[0092] The present invention will now be described 
further in detail by means of examples. 

Example 1 

[0093] (1 ) An Si wafer support having a clean surface 
was provided as a support. Ti was formed into a film 
having a thickness of 100 nm on the surface of the Si 
wafer by the sputtering process. The sputtering was car- 
ried out by applying RF power of 400 W and under Ar 
gas partial pressure of 5 mm Torr. After forming the Ti 
film, an Al film having a thickness of 1 jim was formed 
under the same conditions except for changing the tar- 
get to Al in the same apparatus, thereby preparing a 
support 20 as shown in Fig. 8A. 



10 



17 



EP 0 913 508 A2 



18 



[0094] A support having the layered structure as 
shown in Fig. 8A was prepared in the same manner as 
above except that the Ti thin film was changed to a Zr, 
Nb, Ta, Mo, Cu, Zn, Pd or Au thin film. 
[0095] Each of the resultant supports was immersed 5 
in a 0.3 M oxalic acid solution, and then anodic oxidation 
of Al was carried out by using the support as an anode 
and R as a cathode and applying a voltage of 40 V while 
keeping a temperature of 17°C. As shown in Fig. 13, the 
beginning of the anodic oxidation, anodic oxidizing cur- 10 
rent decreased due to rapid oxidation of the Al surface. 
Toward the start of formation of a narrow hole 53 along 
with oxidation of the Al film, the current showed substan- 
tially a constant value. Thereafter, for each support hav- 
ing a conductive surface 21 comprising a Ti film, a Zr is 
film, an Nb film, a Ta film, or an Mo film, anodic oxidation 
was discontinued after a rapid decrease in current value 
as shown by a curve (a) in Fig. 13. The period was for 
about ten minutes. These supports shall hereinafter be 
called Group (1) supports. 20 
[0096] For each support in which the conductive sur- 
face comprised a Cu film or a Zn film, anodic oxidation 
was discontinued upon decrease after one increase in 
current value as shown by a curve (b) in Fig. 13. The 
period was for about ten minutes. These supports shall 25 
hereinafter be called Group (2) supports. 
[0097] For each support in which the conductive sur- 
face comprised a Pd film or an Au film, anodic oxidation 
was discontinued after a sharp increase in current value 
as shown by a curve (c) in Fig. 13. The period was for 30 
about ten minutes. These supports shall hereinafter be 
called Group (3) supports. 

[0098] For these Groups (1) to (3) supports as de- 
scribed above, structures were analyzed by means of a 
transmission type electron microscope: in Group (1) 35 
supports, the aluminum film on the conductive surface 
was completely oxidized in the thickness direction as 
shown in Fig. 12, and the narrow hole 53 did not reach 
the conductive surface. It was confirmed that a bridge- 
shaped path 93 containing a metal (for example, Ti, Zr, 40 
Nb, Ta or Mo) composing the conductive surface was 
formed between the conductive surface and the bottom 
of the narrow hole. 

[0099] For Group (2) supports, it was confirmed that 
the Al film on the conductive surface was fully oxidized 45 
in the thickness direction, and the narrow hole reached 
the conductive surface as shown in Fig. 5A. For Group 
(3) supports, although the Al film on the conductive sur- 
face was oxidized, the narrow holes had disappeared. 
The reason of disappearance of the narrow holes is not &> 
clear, but it is considered attributable to the fact that a 
reaction between the conductive surface and the elec- 
trolyte produced a large electric current, and oxygen gas 
produced along with this destroyed the narrow holes. 
[01 00] (2) Layers as shown in Fig. 8 A having a Ti film, ss 
a Zr film, an Nb film, a Ta film or an Mo film formed on 
the Si wafer support surface were prepared in the same 
manner as in (1 ) above. Each of these supports was im- 



mersed in a 0.3 M oxalic acid solution, and anodic oxi- 
dation of Al was carried out by using the support as an 
anode and Pt as a cathode and applying a voltage of 40 
V while keeping a temperature of 17°C. Anodic oxida- 
tion was discontinued immediately before observing a 
decrease in anodic oxidizing current as represented by 
curve (a) in Fig. 1 3. The period was for about eight min- 
utes. These supports shall hereinafter be called Group 
(4) supports. The structure was analyzed for Group (4) 
supports by the use of a transmission type electron mi- 
croscope. The aluminum film on the conductive surface 
was completely oxidized in the thickness direction, and 
the narrow hole 53 did not reach the conductive surface 
as in Group (1) supports. The path observed in Group 

(1) supports was not observed. 

[0101] Then, easiness of plating onto the narrow hole 
surface was measured by the following method for 
Group ( 1 ) and Group (4) supports. The steps comprised 
immersing each of Group (1) and Group (4) supports in 
an aqueous solution containing 5 wt.% COS0 4 -7H 2 0, 
and 2 wt.% H 3 B0 3 , applying a potential between op- 
posed Co electrodes, and measuring the potential nec- 
essary for plating Co particles on the narrow hole bottom 
as a support potential corresponding to a calomel stand- 
ard electrode. The resultant potential value was within 
a range of from about -1 to -1 .5 Vfor Group (1 ) supports, 
whereas a potential of at least -10 V was required for 
Group (4) supports. This suggests that the bridge- 
shaped path 93 formed in Group (1 ) supports played an 
important role for improvement of conductivity between 
the bottom of the narrow hole and the conductive sur- 
face. 

[0102] (3) Group (1), (2) and (4) supports were pre- 
pared in the same manner as described under (1) and 

(2) above. 

[0103] Then, a catalytic super-fine particle 23 was 
prepared by the AC electro-deposition process on the 
bottom of the narrow hole for each support. The support 
having narrow holes thus prepared was immersed in an 
aqueous solution containing 5% COS0 4 .7H 2 0 and 2% 
H3BO3, and a structure having Co super-fine particles 
on the bottom of the narrow holes as shown in Fig. 8C 
was obtained by impressing an AC (50 Hz) voltage of 
1 5 V for few seconds. 

[0104] Then, a carbon nanotube was grown in a re- 
actor as shown in Fig. 7. First, the support having the 
catalytic super-fine particles was placed in the reactor, 
then hydrogen in an amount of 10 seem was introduced 
from a reaction accelerating gas tube 45 and a pressure 
of 500 Pa was kept in the reactor. The support temper- 
ature was brought to between 400 and 800°C by turning 
on an infrared lamp. 

[0105] After temperature stabilization, a raw material 
gas such as methane, ethylene, acetylene, carbon mon- 
oxide or benzene was introduced in an amount of 10 
seem from a raw material gas tube 44, and the pressure 
in the reactor of 1000 Pa was kept for 20 minutes. Then, 
the infrared lamp was turned off to interrupt the supply 
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of gas, and the support was taken out into the open air 
after bringing the support temperature to the room tem- 
perature. 

[0106] The support thus taken out was observed by 
means of an FE-SEM (Field Emission-Scanning Elec- 
tron Microscope). In all the observed supports, carbon 
nanotubes had grown from the catalytic super-fine par- 
ticles on the bottom of the narrow holes as shown in Fig. 
8D. The carbon nanotube had a diameter within a range 
of from several nm to several tens of nm, depending up- 
on the raw material gas and the catalytic super-fine par- 
ticle, and had grown in the vertical direction along the 
narrow hole from the support with a terminus of the car- 
bon nanotube 24 binding to the support. 
[0107] When methane was used as a source gas, 
however, growth of the carbon nanotube was less re- 
markable. With a source gas of benzene, there were 
fluctuations in diameter among carbon nanotubes: the 
largest diameter was almost the same as that of the nar- 
row hole. The optimum growth temperature of the car- 
bon nanotube was higher in the order of carbon monox- 
ide, acetylene, ethylene, benzene and then methane. 
[01 08] For the purpose of evaluating properties of the 
resultant carbon nanotube devices, each of the carbon 
nanotube devices of Groups (1), (2) and (4) was placed 
in a vacuum chamber, and an opposite electrode was 
arranged at a distance of 0.1 mm from the support in 
parallel therewith so that the carbon nanotube forming 
surface of the support faced the electrode. After evacu- 
ating the chamber to 10' 8 Torr, a positive voltage was 
impressed to the opposite electrode, and the quantity of 
electrons emitted from the carbon nanotube was meas- 
ured. Asa comparative example, three kinds of supports 
having a conductive surface were prepared by using the 
same materials as those of Group (1), (2) and (4) sup- 
ports respectively. Then ethanol dispersing carbon na- 
notubes was coated on the respective conductive sur- 
faces of the supports. The amount of the carbon nano- 
tube coated on the surface was almost the same as 
those of the Group (1), (2) and (4) carbon nanotube de- 
vices each of which was prepared by using ethylene as 
a raw material gas. Subsequently, the quantity of elec- 
trons emitted form the respective supports provided with 
the carbon nanotube coatings was measured in the 
same manner as the Group (1), (2) and (4) carbon na- 
notube devices. 

[01 09] As a result, as to Groups (1 ), (2) and (4) carbon 
nanotube devices, emitted current was observed start- 
ing from impression of about 100V, and the amount of 
current upon impressing 200V, was ten times larger than 
that available from a film in which carbon nanotubes 
were simply dispersed. 

[0110] This is attributable to the fact that the carbon 
nanotubes were sufficiently connected to the electrode 
and the isolated carbon nanotubes extended in the ver- 
tical direction. These results permitted confirmation that 
the device of the invention had an excellent function as 
an electron emitting source. 



[0111] Among Group (1 ), (2) and (4) carbon nanotube 
devices, the quantity of emitted electrons was larger in 
the order of Group (2), Group (1 ) and the Group (4). 
[0112] (4) Group (1) support was prepared in the 

s same manner as described under (1 ) above. After heat- 
treating the support in a mixed gas of H 2 :He = 2.98 (vol- 
ume ratio) at 500*C for an hour, a carbon nanotube de- 
vice was prepared in the same manner as in (3) above. 
By the use of this carbon nanotube device, the quantity 

10 of emitted electrons was measured in the same manner 
as in (3) above. As a result, a quantity of emitted elec- 
trons even superior to that of the carbon nanotube de- 
vice prepared by the use of Group (1 ) support, as meas- 
ured in (3) above, was confirmed. The reason why the 

is carbon nanotube device prepared by the use of a heat- 
treated support gives such an effect is not clear. As a 
result, however, of the improvement of conductivity of 
the path brought about by the reduction of the path in 
the heat treatment, the depositing efficiency of the cat- 

& alytic super-fine particles onto the narrow holes is con- 
sidered to be improved, and this further improves con- 
ductivity between the conductive surface and the carbon 
nanotube. 

25 Example 2 



[0113] An example of the manufacturing method 
when the catalytic metal and the electrode film are the 
same will now be described. 
30 [011 4] As in Example 1 , by the use of an Si wafer sub- 
strate cleaned as a support, a Co film having a thickness 
of 0.1 ujti was formed on the support by the RF sputter- 
ing process. Then, in the same apparatus with the target 
changed to Al, and Al film was continuously formed into 
35 a thickness of 0.2 nm to form an Al/Co layered film. The 
sputtering conditions included an RF power of 400 W 
and an Ar atmosphere at 5 mTorr. 
[0115] This support was immersed in a 0.3 M oxalic 
acid solution, and the Al film was anodicalry oxidized by 
40 using support as an anode and Rasa cathode and im- 
pressing 40 V while keeping a temperature of 17°C. As 
a result of voltage impression, the Al surface was first 
rapidly oxidized, leading to a decrease in current value. 
After start of formation of narrow holes, the current value 
45 increased to a constant value. Upon the completion of 
oxidation of the Al film, the narrow hole reached the un- 
dercoat Co layer and the current value gradually in- 
creased. Anodic oxidation was therefore discontinued 
at this point. The period was for about two minutes. 
so [011 6] To widen the bore of the narrow holes, the sup- 
port was immersed in a phosphoric acid solution of 
about 5 wt.% for 40 minutes and taken out. A support 
provided with an alumina film, having narrow holes of a 
diameter of about 50 nm on the surface was obtained. 
55 As a result of this treatment, the undercoat Co surface 
was exposed on the bottom of the narrow holes and 
could be used as a catalyst portion. 
[0117] Then, the support was place in a reactor as 
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shown in Fig. 7, and hydrogen gas was introduced in an 
amount of 20 seem from the reaction accelerating gas 
tube 45 to bring the pressure in the reactor to 500 Pa. 
The support temperature was increased to 600°C by 
turning on an infrared lamp. 

[0118] After stabilization of temperature, use the raw 
material gas ethylene diluted with nitrogen to 10% was 
introduced in an amount of 20 seem to bring pressure 
in the reactor to 1 ,000 Pa which was kept for 20 minutes. 
Thereafter, the infrared lamp was turned off to interrupt 
the supply of gas, and then, the support temperature 
was brought back to the room temperature. The support 
was then taken out into the open air. 
[0119] The surface of the resultant support was ob- 
served by means of an FE-SEM: carbon nanotubes had 
grown from the narrow hole portion, but the carbon na- 
notubes had a large diameter of several 10 nm, and 
there were observed many portions of the narrow holes 
where the growth did not occur. This suggests that the 
catalyst present in the narrow holes should preferably 
be in the form of super-fine particles as in Example 1 . 
[0120] For the purpose of evaluating properties of the 
resultant carbon nanotube device, the Cofilm of the sup- 
port attached with an electrode was placed in a vacuum 
chamber as in Example 1, and an opposite electrode 
was arranged at a distance of 0.1 mm from the support 
in parallel therewith. After evacuating the chamber to 
10-8 Torr a p 0sjtjve voltage was impressed to the oppo- 
site electrode, and the quantity of electrons emitted from 
the carbon nanotubes was measured. 
[0121] As a result, emitted current was observed 
starting from impression of about 150 V, and the amount 
of current upon impressing 200 V, which was about a 
half that in Example 1, was several times as large as 
that available from a film in which carbon nanotubes 
were simply dispersed. This permits formation that the 
device of the invention has a sufficient function as an 
electron emitting source. 

[01 22] The amount of emitted current is smaller than 
that available from the electron emitting device prepared 
by the use of the carbon nanotubes of Example 1 . This 
is considered attributable to the fact that, although the 
carbon nanotubes are sufficiently connected to the elec- 
trode, the diameter of the nanotube is somewhat large, 
resulting in insufficient concentration of electric field and 
a low growth density of the carbon nanotube. 



Example 3 

[0123] An example of carbon nanotube device in 
which the wall, the layer composing the conductive sur- 
face and the support are all prepared with Si will now be 
described with reference to the schematic process de- 
scriptive view shown in Figs. 9A to 9C and the equip- 
ment schematic diagram shown in Fig. 7. 
[01 24] An ohmic contact was prepared by using a p- 
type substrate having a low resistance (several mm to 
several hundred mmQcm) as a support, forming an Al 



film having a thickness of about 1 un> on the back of the 
p-type Si substrate and annealing at 400°C. 
[0125] Then, anodization of the support was carried 
out with the support immersed in an aqueous solution 
s containing 1 0% fluoric acid and 5% alcohol to serve as 
an anode and with Rasa cathode. Al on the back was 
arranged so as not to come into contact with the fluoric 
acid solution, and an electrode was taken from the Al 
surface. Conditions were set to give a current value of 
" several tens of mA/cm* upon anodization. After the 
completion of anodization, the support was taken out 
and washed with distilled water and I PA. As a result of 
this process, narrow holes of several nm to several tens 
of nm as shown in Fig. 9A were formed on the Si surface, 
'5 and the individual narrow holes were isolated from each 
other by p-type Si walls 22. 

[0126] The support was placed in a vacuum deposit- 
ing unit and evacuation was carried out up to a degree 
of vacuum of 10-6 Torr and Fe was vapor-deposited into 
20 a thickness of 0.3 nm on the upper surface by the re- 
sistance heating vapor depositing process. Thermal ag- 
gregation of the vapor-deposited film was accomplished 
by heating the support to 700°C while keeping a vacu- 
um. This resulted in a structure in which catalytic super- 
2S fine particles were placed in the narrow holes as shown 
in Fig. 9B. 

[0127] Then, the support was placed in the reactor 
shown in Fig. 7. First, hydrogen gas was introduced in 
an amount of 20 seem from the reaction accelerating 
30 gas tube 45 to keep a pressure of 500 Pa in the reactor. 
The support temperature was increased to 650°C by 
turning on an infrared lamp. After stabilization of tem- 
perature, ethylene was introduced in an amount of 20 
seem to bring the pressure in the reactor to 2,000 Pa, 
35 which was kept for 20 minutes. Thereafter, the infrared 
lamp was turned off to cut the supply of the gas. Then, 
after bringing the support temperature to the room tem- 
perature, the support was taken out into the open air, 
thereby obtaining a carbon nanotube device. 
40 [0128] Another carbon nanotube device was pre- 
pared in the same manner as above except that Co, Ni 
or Pd was used as a material for the catalytic super-fine 
particles. 

[0129] The surfaces of these four kinds of carbon na- 
45 notube devices were observed by means of an FE-SEM. 
For the devices using Fe, Co and Ni as catalysts, while 
growth of the carbon nanotubes from the narrow hole 
portion was observed, almost no growth of the carbon 
nanotubes in the narrow holes was observed for the de- 
$ o vice using Pd. 

[0130] For the purpose of evaluating properties of the 
resultant carbon nanotube devices prepared by the use 
of Fe, Co or Ni as a catalyst, the support attached with 
an electrode was placed in a vacuum chamber, and an 
55 opposite electrode was arranged at a distance of 0.1 
mm from the support in parallel therewith, as in Example 
1 . After evacuating the chamber to 10-8 Torr, a positive 
voltage was impressed to the opposite electrode, and 
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the quantity of electrons emitted from the carbon nano- 
tube was measured. 

[0131] As a result, the electron emission was ob- 
served, starting from impression of about 100 V, and the 
amount of current upon impressing 200 V was about ten 
times as large as that of a film in which carbon nano- 
tubes were simply dispersed. 
[0132] This is attributable to the fact that the carbon 
nanotubes were sufficiently connected to the electrode 
and the isolated carbon nanotubes extended in the ver- 
tical direction from the support. This permitted confirma- 
tion that the device of this example had an excellent 
function as an electron emitting source. 

Example 4 

[0133] A configuration of a tip type carbon nanotube 
device and a typical manufacturing method thereof will 
now be described with reference to the process sche- 
matic descriptive views shown in Figs. 10A to 10D and 
the equipment schematic diagram shown in Fig. 7. 
[01 34] A resist 71 (AZ manufactured by Hext Compa- 
ny) was coated into a thickness of 0.5 to 1 pm by means 
of a spinner as shown in Fig. 1 0A on a low-resistance 
Si wafer serving as a support. After UV exposure with 
the use of a mask, the exposed portion was peeled off 
with an organic solvent, and a submicron (0.1 to 1 um) 
hole was pierced on the resist. A hole 72 was prepared 
also in the Si wafer by introducing the support into a 
plasma etching unit, and etching the Si wafer from the 
hole portion of the resist. The etching conditions includ- 
ed SF 4 gas of 5 Pa, an RF power of 1 50 W, and a treating 
period of a minute. Then, the support was placed in a 
resistance heating vapor depositing unit and a Co-Ni al- 
loy (composing ratio: 1:1) film was formed into a thick- 
ness of 1 nm on the resist layer surface and the hole 
surface of the Si wafer. Then, the resist was lifted off, 
and thermal aggregation of the Co-Ni thin film was 
caused by annealing it in vacuum at 500°C to convert it 
into a catalytic super-fine particle 73. 
[0135] Then, the support was placed in the reactor 
shown in Fig. 7. First, hydrogen gas was introduced in 
an amount of 20 seem from the reaction accelerating 
gas tube 45 to keep a pressure of 500 Pa in the reactor. 
The support temperature was increased to 700 Q C by 
turning on an infrared lamp. After stabilization of tem- 
perature, acetylene gas diluted with nitrogen (90%) was 
introduced in an amount of 20 seem to bring the pres- 
sure in the reactor to 3,000 Pa, which was kept for 20 
minutes. Thereafter, the infrared lamp was turned off to 
discontinue the supply of the gas. Then, after bringing 
the support temperature to the room temperature, the 
support was taken out into the open air. 
[0136] The surface of the resultant support was ob- 
served with an FE-SEM. A carbon nanotube had grown 
from the catalytic super-fine particle 73 portion in the 
hole 72 as shown in Fig. 10D, having a diameter within 
a range of from several nm to several tens of nm. 



[0137] For the purpose of evaluating properties of the 
resultant carbon nanotube device, the support was at- 
tached to the probe portion of the STM/AFM evaluating 
unit to form a probe connected to an electrode. As a re- 
5 suit of the STM/AFM evaluation, a satisfactory image 
based on a carbon nanotube tip was obtained. This is 
considered to be due to a good directivity of the carbon 
nanotube surrounded by the wall, sufficient electrical 
connection between the carbon nanotube and the elec- 
10 trode (the low-resistance Si in this example), and the 
sharp tip thereof. 

Example 5 

is [0138] A typical configuration of a tunnel type carbon 
nanotube device will now be described with reference 
to the schematic diagrams shown in Figs. HA and IB. 
[0139] First, an alumina film 22 provided with elec- 
trodes 81 and 82 and a fine hole adjacent to the elec- 
^0 trode 81 was formed as shown in Fig. 11 A on a high- 
resistance or an insulating support 80. 
[0140] A catalytic super-fine particle was introduced 
into the narrow hole. A carbon nanotube 24 had grown 
from the surface of the catalytic super-fine particle and 
2S reached the top of the electrode 82. A thin insulating 
layer was provided on a part of the electrode 82, and 
was connected to the carbon nanotube 24 thereabove 
via the insulating layer 87. An insulating coat film was 
provided over the insulating layer 87 and a wall 86. The 
30 electrode 81 and the carbon nanotube were isolated 
from each other by the wall. The electrodes 81 and 82 
were connected in the sequence of the electrode 81 - 
the wall alumina layer 22 - the catalytic super-fine par- 
ticle 23 - the carbon nanotube 24 - the insulating layer 
35 87 - the electrode 82. 

[0141] Current-voltage property of the resultant de- 
vice having the aforementioned configuration was eval- 
uated after connection of the electrodes by inserting it 
into liquid helium and cooling it to 4 K. A negative-resist- 
40 ance area was observed as a result in the current-volt- 
age property. This is considered to be a result of a res- 
onance tunnel effect because the device of the invention 
has double barriers. By the utilization of this phenome- 
non, the device of the invention is expected to be applied 
45 for high-frequency detection and oscillation. 

[0142] When manufacturing carbon nanotubes by the 
pyrolysis process by simply seeding catalytic super-fine 
particles at a high density on a flat surface, there is a 
high probability that a single carbon nanotube grows 
50 while causing connection of many catalytic super-fine 
particles in and outside. More specifically, directivity of 
a carbon nanotube connecting a plurality of catalytic su- 
per-fine particles as above is not uniform and the geom- 
etry including diameter cannot be uniform in many cas- 
55 es. It is therefore desirable to cause individually isolated 
catalytic super-fine particles to grow. 
[0143] While a carbon nanotube is often applied as 
an electrode, it is the general practice on the present, 
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level of art, after synthesis of the carbon nanotubes, to 
attach the carbon nanotubes to the substrate by con- 
ducting paste scatter them onto the substrate and form 
a metal film on them. 

[0144] The carbon nanotube device of the invention s 
has a feature in that it has a configuration in which the 
carbon nanotube conductively binds to the conductive 
surface without the need to conduct such electrode at- 
tachment after synthesis. The device having such a con- 
figuration can be prepared by selecting an optimum 10 
combination of a composition and a shape of the con- 
ductive surface, the catalytic super-fine particle, and the 
barrier isolating the super-fine particles, and a synthe- 
sizing method of carbon nanotube as described in this 
specification. According to the present invention, there ts 
are available, for example, the following advantages: 

(1) There is available a satisfactory device electri- 
cally connected to electrodes and in which carbon 
nanotube are isolated from each other. 20 

(2) An electron emitting device excellent in electron 
emitting property can be obtained. 

(3) There is available a probe such as an STM or 
an AFM giving a satisfactory image and having a 
high strength. 25 

(4) A novel tunnel type device using carbon nano- 
tube is available. 

(5) The carbon nanotube device of the invention has 
a configuration in which the conductive surface 
comprises a layer containing Ti, Zr, Nb, Ta, Mo, Cu 30 
or Zn, or particularly a layer containing Nb, and an 

Al anodic oxidation film, i.e., an alumina film having 
a fine hole is provided on the surface film of the con- 
ductive surface. In this configuration, the alumina 
film and the conductive surface show a satisfactory 35 
adherence, so that the alumina film never peels off 
the conductive surface at the interface. This config- 
uration is therefore favorable for carbon nanotube 
applicable for a high-quality electron emitting de- 
vice or a probe for STM or AFM. 40 

(6) When a semiconductor such as a p-type Si is 
used as a support, it is possible to easily form a plu- 
rality of narrow holes isolated by a wall of Si or Si 
oxide on the surface of the p-type Si by anodizing 

the surface of the p-type Si. By causing carbon na- 45 
notubes to grow from these narrow holes, the grow- 
ing direction of the carbon nanotube is regulated by 
the wall. It is therefore possible to form a carbon 
nanotube device having carbon nanotubes having 
substantially a uniform directivity at a low cost. 50 

(7) When connecting the conductive surface and 
the carbon nanotubes to electrodes via the catalytic 
super-fine particles, it is desirable for growth control 
of carbon nanotubes to select one or more metals 
from Fe, Co and Ni for the catalytic super-fine par- 55 
ticles. 

(8) The carbon nanotube device in which the carbon 
nanotubes and the conductive surface are in an 



electrical tunnel junction is preferable when manu- 
facturing a resonance tunnel device or the like. 

[0145] While the present invention has been de- 
scribed with respect to what is presently considered to 
be the preferred embodiments, it is to be understood 
that the invention is not limited to the disclosed embod- 
iments. The present invention is intended to cover var- 
ious modifications and equivalent arrangements includ- 
ed within the spirit and scope of the appended claims. 

Claims 

1. A carbon nanotube device comprising a support 
having a conductive surface and a carbon nano- 
tube, one of whose terminus binds to said conduc- 
tive surface at a site so that conduction between 
said conductive surface and said carbon nanotube 
is maintained, wherein a root of said carbon nano- 
tube at the site where said carbon nanotube binds 
to said conductive surface is surrounded by a wall. 

2. A carbon nanotube device according to claim 1, 
wherein said carbon nanotube has grown on the 
surface of a catalytic particle, and said catalytic par- 
ticle binds to said conductive surface so that con- 
duction therebetween is maintained. 

3. A carbon nanotube device according to claim 2, 
wherein there is provided an insulating layer be- 
tween said catalytic particle and said conductive 
surface, and said carbon nanotube and said con- 
ductive surface are in tunnel junction. 

4. A carbon nanotube device according to claim 2, 
wherein there is provided an insulating layer be- 
tween said catalytic particle and said conductive 
surface; said insulating layer has a bridge-shaped 
path connecting said conductive surface and said 
catalytic particle; and said path contains a material 
composing the conductive surface. 

5. A carbon nanotube device according to claim 2, 
wherein said catalytic particle is a metal particle 
formed on said conductive surface by an AC elec- 
tro-deposition process. 

6. A carbon nanotube device according to claim 2, 
wherein said catalytic particle contains at least one 
metal selected from the group consisting of cobalt, 
nickel and iron. 

7. A carbon nanotube device according to any one of 
claims 2, 5 and 6, wherein said catalytic particle has 
a particle diameter within a range of from 1 to 100 
nm. 
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8. A carbon nanotube device according to claim 7, 
wherein said catalytic particle has a particle diam- 
eter within a range of from 2 to 50 nm. 

9. A carbon nanotube device according to claim 1, s 
wherein said wall comprises alumina. 

10. A carbon nanotube device according to claim 9, 
wherein said wall is an anodic oxide film of an alu- 
minum film formed on said conductive surface. w 

11. A carbon nanotube device according to claim 1, 
wherein said conductive surface comprises a layer 
containing at least one element selected from the 
group consisting of titanium, zirconium, niobium, is 
tantalum, molybdenum, copper and zinc, said con- 
ductive surface being provided on said support. 

12. A carbon nanotube device according to claim 11, 
wherein said conductive surface comprises a layer 20 
containing niobium. 

13. A carbon nanotube device according to claim 1, 
wherein said wall contains silicon. 



14. A carbon nanotube device according to claim 1, 
wherein said wall comprises the same material as 
that comprised in said conductive surface. 

15. A carbon nanotube device according to claim 1, 
wherein said conductive surface comprises a layer 
containing at least one element selected from the 
group consisting of titanium, zirconium, niobium, 
tantalum and molybdenum, said conductive surface 
being provided on said support; said wall comprises 
an anodic oxide film of aluminum; said carbon na- 
notube binds to said conductive surface via a cata- 
lytic particle and an insulating layer; said insulating 
layer has a bridge-shaped path connecting said 
conductive surface and said catalytic particle; and 
said path contains at least one element selected 
from the group consisting of titanium, zirconium, 
niobium, tantalum and molybdenum. 

16. A carbon nanotube device according to claim 1, 
wherein said device is provided with a plurality of 
said carbon nanotubes, and wherein the binding 
sites of each of said individual carbon nanotubes 
are isolated from each other by said walls. 

17. A manufacturing method of a carbon nanotube de- 
vice comprising a support having a conductive sur- 
face and a carbon nanotube, one of whose terminus 
binds to said conductive surface at a site so that 
conduction between said conductive surface and 
said carbon nanotube is maintained, wherein a root 
of said carbon nanotube at the site where said car- 
bon nanotube binds to said conductive surface is 



surrounded by a wall, said method comprising the 
steps of: 

(i) forming a plurality of carbon nanotube bind- 
ing sites isolated from each other by walls on 
said conductive surface; and 

(ii) forming carbon nanotubes at the sites. 

18. A manufacturing method according to claim 17, 
wherein said step (i) comprises a substep of forming 
a catalytic particle on said conductive surface at the 
site, and said step (ii) comprises a substep of caus- 
ing the carbon nanotube to grow from the surface 
of said catalytic particle at the site. 

19. A manufacturing method according to claim 18, 
wherein said support having said conductive sur- 
face comprises tow-resistance silicon, and the sub- 
step of forming said catalytic particle on said con- 
ductive surface at the site comprises the steps of: 

forming a narrow hole surrounded by said low- 
resistance silicon by anodizing the surface of 
said support; 

forming a layer comprising a material of said 
catalytic particle on the surface of said support; 
and 

annealing the layer comprising a material of 
said catalytic particle and causing the layer 
comprising the material of said catalytic particle 
to aggregate, thereby forming said catalytic 
particle in the narrow hole. 



20. A manufacturing method of a carbon nanotube de- 
& vice according to claim 18, wherein said support 
having said conductive surface comprises low-re- 
sistance silicon, and the substep of forming a cata- 
lytic particle on said conductive surface at the site 
comprises the steps of: 

40 

selectively covering the surface of said low-re- 
sistance silicon support with a photoresist; 
etching said low- resistance silicon support sur- 
face not covered with the photoresist, thereby 
forming a narrow hole surrounded by the low- 
resistance silicon; and 

forming a layer comprising a material of said 
catalytic particle on the surface of said photore- 
sist and the narrow hole, then removing said 
photoresist, and annealing the layer comprising 
the material of said catalytic particle and caus- 
ing the layer comprising the material of the cat- 
alytic particle to aggregate, thereby forming 
said catalytic particle in the narrow hole. 
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21. A manufacturing method of a carbon nanotube de- 
vice according to claim 1 8, wherein said conductive 
surface comprises a layer containing at least one 
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element selected from the group consisting of tita- 
nium, zirconium, niobium, tantalum, molybdenum, 
copper and zinc, said conductive surface being pro- 
vided on said support, and wherein the substep of 
forming the catalytic particle on said conductive sur- 
face at the site comprises the steps of: 

forming an anodic oxide film having a narrow 
hole on the surface of said conductor layer; and 
forming the catalytic particle on the bottom of 
said narrow hole. 

22. A manufacturing method of a carbon nanotube de- 
vice according to claim 21 , wherein the step of form- 
ing an anodic oxide film having a narrow hole on the 
surface of said conductive surface comprises the 
steps of: 

forming an aluminum film on the surface of said 
conductive surface; and 
causing anodic oxidation of said aluminum film. 

23. A manufacturing method of a carbon nanotube de- 
vice according to claim 22, wherein said step of 
causing anodic oxidation of said aluminum film 
comprises the steps of monitoring anodic oxidizing 
current; and discontinuing anodic oxidation of the 
aluminum film when a change in anodic oxidizing 
current shows that anodic oxidation has reached 
said conductive surface. 

24. A manufacturing method of a carbon nanotube de- 
vice according to claim 18, wherein said conductive 
surface comprises a layer containing at least one 
element selected from the group consisting of tita- 
nium, zirconium, niobium, tantalum and molybde- 
num, formed on said support, and wherein the sub- 
step of forming the catalytic particle on said conduc- 
tive surface at the site comprises the steps of: 

forming an aluminum film on the surface of said 
conductive surface; 

forming an alumina film having a narrow hole 
by causing anodic oxidation of said aluminum 
film; and 

forming said catalytic particle on the bottom of 
said narrow hole; and 

wherein said step of forming an alumina film 
having said narrow hole by causing anodic ox- 
idation of said aluminum film comprises contin- 
uing anodic oxidation after detecting a change 
in anodic oxidation current showing that anodic 
oxidation has reached said conductive surface, 
and forming a path containing at least one ele- 
ment selected from the group consisting of tita- 
nium, zirconium, niobium, tantalum and molyb- 
denum, connecting said narrow hole and said 
conductive surface, in the alumina layer be- 



tween said narrow hole and said conductive 
surface. 

25. A manufacturing method of a carbon nanotube de- 
5 vice according to claim 24, further comprising a step 

of heating the support having said path formed ther- 
eon in an atmosphere of hydrogen gas, an inert gas 
or hydrogen gas and an inert gas, between the step 
of forming an alumina film having said narrow hole 
™ by anodic oxidation of said aluminum film and the 
step of forming said catalytic particle on the bottom 
of said narrow hole. 

26. A manufacturing method of a carbon nanotube de- 
15 vice according to claim 25, wherein said heating is 

carried out at a temperature within a range of from 
200 to 1 , 1 00°C for 5 to 60 minutes. 

27. A manufacturing method of a carbon nanotube de- 
*0 vice according to claim 18, wherein said catalytic 

particle is deposited by an AC electro-deposition 
method. 

28. A manufacturing method of a carbon nanotube de- 
25 vice according to any one of claims 1 8 to 21 , where- 
in said catalytic particle contains at least one ele- 
ment selected from the group consisting of Co, Fe 
and Ni. 

30 29. A manufacturing method of a carbon nanotube de- 
vice according to any one of claims 18 and 27, 
wherein said catalytic particle has a particle diam- 
eter within a range of from 1 to 100 nm. 

35 30. A manufacturing method of a carbon nanotube de- 
vice according to claim 29, wherein said catalytic 
particle has a particle diameter within a range of 
from 2 to 50 nm. 

40 31. A manufacturing method of a carbon nanotube de- 
vice according to claim 17, wherein the step (ii) 
comprises: 



45 



so 



a substep of heating a silicon support or an in- 
sulating silicon support having a catalytic parti- 
cle on the surface thereof in a container con- 
taining a raw material gas and hydrogen gas 
under a pressure within a range of from 500 to 
3,000 Pa to a temperature within a range of 
from 400 to 800°C. 



32. A manufacturing method of a carbon nanotube de- 
vice according to claim 31 , wherein said raw mate- 
rial gas is at least one gas selected from the group 

55 consisting of methane, ethylene, acetylene, carbon 
monoxide and benzene. 

33. A manufacturing method of a carbon nanotube de- 



17 



31 



EP 0 913 508 A2 



vice according to claim 32, wherein said raw mate- 
rial gas is at least one gas selected from the group 
consisting of methane, ethylene, acetylene and car- 
bon monoxide. 

5 

34. A manufacturing method of a carbon nanotube de- 
vice according to claim 28, wherein said catalytic 
particle has a particle diameter within a range of 
from 1 to 100 nm. 

10 

35. A manufacturing method of a carbon nanotube de- 
vice according to claim 34, wherein said catalytic 
particle has a particle diameter within a range of 
from 2 to 50 nm. 

75 

36. An electron emitting device comprising: 

a carbon nanotube device according to any of 
claims 1 to 16; 

an electrode located at a position opposite to 20 
said conductive surface; and 
means for impressing a potential to a space be- 
tween said conductive surface and said elec- 
trode. 
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